We examined the effect of high frequency tactile stimulation (tHFS) on tactile and motor performance as well as tactile-motor interactions. Seventeen right-handed participants (66-78 years) underwent a pretest (tactile frequency and spatial discrimination task, manual dexterity test, and precision grip task) with their left hand, received 30 min of tHFS on the tips of their left index finger and thumb, and performed a posttest (control group: no stimulation). Results indicated an improvement in frequency and spatial discrimination in the experimental but not the control group. In the precision grip task, however, training effects as found for the control group seem to be blocked in the experimental group. For the manual dexterity task no effect was found. Our data indicate that tHFS positively influences tactile performance. Assuming tHFS-induced plastic reorganization in somatosensory cortex our results give further evidence to the notion of an interrelation between sensory and motor performance.
The hand is part of a sophisticated feedback control system that allows us to grasp, explore and manipulate objects in our environment with great dexterity and precision. Besides the control of grasping forces of the fingers, discriminative touch is required to recognize the size, shape, and texture of objects. Thus, in natural and behaviorally relevant contexts and environments motor and sensory (tactile) processes are inseparably connected.
Motor cortical areas, which are significantly involved in the grasping force regulation, receive important input from the somatosensory cortex and parietal association areas (e.g., Flanagan & Johansson, 2002; Mori, 1997) . During manipulative tasks, i.e., precision grip, there are several important regulatory functions that rely on sensory input, for example the mechanoreceptors of the glabrous skin of the fingers (Westling & Johansson, 1987) . This afferent information is, for instance, used to evoke fast corrections of program executions, update internal representations of the object, or provide information necessary for the serial coordination of multiple tasks (e.g., Johansson, Riso, Häger, & Bäckström, 1992) . Recent studies demonstrated that somatosensory input in the form of peripheral nerve stimulation results in functional changes in corticomotor excitability (Kaelin-Lang, 2008; Ridding, Brouwer, Miles, Pitcher, & Thompson, 2000; Stefan, Kunesch, Benecke, Cohen, & Classen, 2002) . Moreover, modulation of sensory cortex activity can be obtained due to movement and, on the contrary, motor cortex activity modulation can be elicited due to sensory stimulation (Tecchio et al., 2006) . Studies showed that feedback from the small regions of the fingertip skin influences muscles of prehension and that grip force control is disrupted with the fingers anesthetized despite prior experience with the object (Augurelle, Smith, Lejeune, & Thonnard, 2003; Monzée, Lamarre, & Smith, 2003) . In addition, the perception of force is shown to be influenced by tactile cues that convey information about the contact surface (Jones & Piateski, 2006) . Persistent reciprocal exchange of information between the motor area responsible for motor task execution and the sensory cortex converting tactile and proprioceptive information seems to be necessary for movement control.
Age-related decline in hand sensibility and tactile perception and changes in skin slipperiness (Cole, 1991; Nowak, Glasauer, & Hermsdörfer, 2003) are assumed to be attributed to impaired manual dexterity and force modulation in older adults. In their more recent studies, however, Cole and colleagues (Cole, Rotella, & Harper, 1998) have refuted the hypothesis that age-related declines in manual dexterity result from diminished tactile function. On the contrary, Tremblay and colleagues (2003) revealed a strong relationship between tactile spatial acuity and manual dexterity in older adults indicating that impaired spatial acuity at the fingertips may translate into great difficulties in tasks requiring fine manipulation. Age-related changes in tactile abilities were, for example, related to a progressive decrease in the tactile sensitivity of high frequencies (160 and 250 Hz) due to changes in Pacinian corpuscle, whereas at low frequencies (25 and 40 Hz) the threshold remained stable until old age (related to Meissner corpuscles, Merkel discs, Ruffini endings) (Verrillo, 1980) . Besides that, age effects in manual dexterity and force modulation are suggested to be attributed to physiological changes, e.g., a reorganization of the motor units, a loss of muscle mass, changes in fiber-typed ratio, and conduction velocity of neuromuscular connections (see Ketcham & Stelmach, 2001 for review).
Even though tactile sensitivity and manual dexterity are progressively impaired with age (Dinse et al., 2006; Stevens & Cruz, 1996; Woodward, 1993) , the somatosensory cortex remains plastic until old age and age-related decline in tactile performance and grasping force control can be attenuated by training or with the help of tactile stimulation interventions (Dinse et al., 2006; Godde, Berkefeld, David-Jürgens, & Dinse, 2002) . For example, Voelcker-Rehage and Alberts (2005) showed that not only young but also old adults improved accuracy of force modulation as a result of practice. Applying coactivation on the index finger, Dinse and colleagues (2006) demonstrated that in older adults the age-related impairment of tactile two-point discrimination can be mitigated substantially. Most recently, Dinse and coworkers revealed that particularly older people's fine motor performance can be impaired by shielding the finger tips with rubber coatings thus disturbing tactile sensation (Dinse, Wilimzig, & Kalisch, 2008) . These findings and the evidence for strong connections between motor and sensory cortex lead to the assumption that improved tactile discrimination performance might positively influence grasping force modulation in older adults. Indeed, sensory stimulation might not only effect related sensory cortical representations but due to cross-modal plasticity, should have direct impact on motor cortical processing and performance (Hamdy, Rothwell, Aziz, Singh, & Thompson, 1998; Wu, Seo, & Cohen, 2006) .
Although the effect of sensory stimulation on sensory cortical representations and sensory performance in younger adults has been well described (e.g., Godde, Stauffenberg, Spengler, & Dinse, 2000; Hodzic, Karim, Veit, Erb, & Godde, 2004) , studies on the effects of stimulation interventions on sensory performance as well as on motor performance in older adults are rare. We examined the link between motor and tactile domains by applying a passive high frequency tactile stimulation (tHFS, (18) (19) (20) (21) (22) (23) (24) training paradigm that has recently been introduced by Ragert and colleagues (2008) . This paradigm has been derived from other types of tactile coactivation which have been shown to be very effective in inducing Hebbian-like cortical reorganization and related tactile improvement (Dinse et al., 2006; Godde et al., 2000; Ragert et al., 2008) . The rationale behind tHFS is to combine associative tactile stimulation with those temporal patterns used to obtain long-term potentiation like effects after high-frequency transcranial magnetic stimulation (TMS) (Ragert et al., 2008) and thus to strengthen the effect of pure coactivation alone. The term high-frequency tactile stimulation in the context of our study refers to those frequencies above 5 Hz used in TMS experiments to induce excitation of cortical neurons, whereas lower frequencies (around 1 Hz) result in cortical inhibition. As revealed by Verrillo (1980) , older people show no decrease in sensitivity to those frequencies. Thus, interactions of age-related peripheral changes with our tactile stimulation protocol are unlikely.
The aim of our study was to determine not only the effect of tHFS on tactile (frequency and spatial discrimination) performance in older adults but also to investigate how motor performance (manual dexterity, force modulation) is effected by this type of intervention. Applying synchronous stimulation to index finger and thumb was aimed to result in an integration of the cortical representations of these fingers, paralleled by improved spatial discrimination within these respective fingers (Dinse, Ragert, Pleger, Schwenkreis, & Tegenthoff, 2003; Godde, Ehrhardt, & Braun, 2003; Hodzic et al., 2004; Kalisch, Tegenthoff, & Dinse, 2007; Pilz, Veit, Braun, & Godde, 2004; Pleger et al., 2001; Pleger et al., 2003) which have to work together in the precision grip task. We hypothesized that due to such cortical reorganization induced by tactile coactivation, tHFS not only has a positive influence on tactile performance but that it also directly or indirectly affects motor performance allowing us to draw new conclusions about sensorimotor interactions.
Methods

Participants
Seventeen older participants between 66 and 78 years were recruited for this study from a registry of previous research participants and were compensated with a small gift for their time spent. They all provided informed consent to the procedures of the study which was in full accordance with local ethics regulations. Participants were matched for frequency discrimination performance and randomly selected into an experimental (M = 69.88, SD = 4.16, 4 men and 4 women) and a control group (M = 70.33, SD = 2.40, 5 men and 4 women). Groups did not differ in age (p > .1).
All participants were right-handed (Edinburgh Handedness Inventory) (Oldfield, 1971) , healthy, without any neurological disorders, and had normal vision.
Experimental Tasks
Frequency Discrimination. For the frequency discrimination task (FDT) we used piezoelectric wavers (piezo: TeleSensory, MountainView, Ca; casing and controller: metec AG, Stuttgart, Germany) which were driven by 200 V pulses from a custom-made amplifier (QueroSys, Schotten, Germany). Stimulation surface consisted of an array of 2 × 4 rods (diameter 1 mm, total size 4 × 8 mm 2 ), vibrating synchronously resulting in skin indentation of about 1.5 mm (cf. Figure  1a) . Software Presentation (Neurobehavioral Systems, Albany, Ca) was used to control and present the stimuli.
Square-wave stimuli were applied to the fingertip with 500 msec duration and 200 msec interstimulus interval. In each trial, a reference frequency of 30 Hz and a test frequency between 21 and 30 Hz were presented in randomized order. Amplitudes of the two stimuli were matched for total energy (squared product of amplitude and frequency) to avoid influences by the subjective intensity of the stimuli (cf.
Figure 1 -Illustration of (a) frequency discrimination task, (b) tactile discrimination task (JVP domes; groove widths 3.0, 2.0, 1.5 mm), (c) manual dexterity task (Purdue Pegboard test), and (d) force modulation task (the precision grip task is viewed from above; silver piece: Mini-40, 6-degree of freedom force transducer; wooden piece: supportive device to hold force transducer). Harris, Arabzadeh, Fairhall, Benito, & Diamond, 2006) . Within 500 ms after the second stimulus, subjects were asked to decide in a two alternative forced-choice manner, whether the frequency of the first stimulus was higher or lower than that of the second one. FDT was performed in a series of ascending difficulties starting with the easiest stimulus (21 Hz), thus resulting in a frequency difference that is far above the JND (just noticeable difference resulting in 50% correct responses) and ending when less than 75% correct responses occurred within a block of 20 test stimuli of the same frequency. Frequency discrimination threshold was defined as the level at which 75% of the responses were correct. Performance at this level is midway between chance and perfect performance and is a standard psychophysical criterion for threshold determination (Van Boven & Johnson, 1994) . FTD was performed in pre-and posttest with the left hand.
Spatial Discrimination. Spatial discrimination performance was tested with a grating orientation task using eight hemispherical plastic domes with gratings cut into their surfaces, resulting in parallel bars and grooves of equal width (JVP Domes, Stoelting Co., Wood Dale, IL, cf. Figure 1b) . The widths of the bars and grooves varied between domes from 0.25 mm to 3.0 mm.
Domes were manually applied by the experimenter perpendicularly to the surface of the skin of the index fingertip for a duration of approximately 1.5 s, indenting the skin by about two millimeters (cf. Figure 1b) . We used a self-made apparatus to avoid micro slips during application of the JVP domes. The hand and fingers of the participants were fixed comfortably to the desk and the domes were located within a lever that was moved down to the finger manually by the experimenter allowing constant indentation and location (Godde et al., 2000) . The ridges and grooves were oriented parallel or orthogonal to the axis of the test finger in a random order. Subjects were blindfolded and asked to report the orientation of the grating. Each dome was applied 20 times in one block in pretest and posttest (cf. Van Boven, Hamilton, Kauffmann, Keenan, & Pascual-Leone, 2000) . The spatial discrimination test (SDT) was performed in a two-alternative forced choice paradigm (Van Boven et al., 2000) with a series of descending dome widths starting with the largest grating (3 mm) and ending when the subject scored less than 75% correct responses within one block. As for the FDT task, the gratings discrimination threshold was defined as the level at which 75% of the responses were correct. SDT was performed in pre-and posttest with the left hand.
No feedback was given during either of the tactile discrimination tests.
Purdue Pegboard. To determine the manual dexterity of the participants the Purdue pegboard test (model 32020, Lafayette Instruments, Lafayett, IN) was used ( Figure 1c ). This task requires participants to grasp individually as many pegs as possible (2 mm diameter, 2.5 cm length) with their thumb and index finger and to place the pins into the holes of a pegboard within 30 s. Participants performed the pegboard task (PBT) three times with the left hand in pre-and posttest.
Force modulation. Normal force (grip force) was recorded using a 6-degree of freedom force transducer (Mini-40 Model, ATI Industrial Automation, Garner, NC; cf. Figure 1d) . A customized LabView program (National Instruments, Austin, Tx) was used to collect the force data. Participants were asked to perform a sinusoidal force tracking task. For this purpose, participants used a precision grip (thumb and index finger only) to exert an isometric force against the force transducer that was affixed to the experimental table. First, three maximum precision grip trials, 5 s each, were collected with the left hand. Participants were given at least 2 min rest between each maximal effort. The highest force achieved out of the three trials was considered the maximum force and was used in calculating the target sine wave. In the force tracking task (FTT), grip force was measured with a resolution of six waves within 30 s at a sampling rate of 100 Hz. The target sine waves ranged from 5% to 25% of the maximum voluntary contraction (MVC) (Voelcker-Rehage & Alberts, 2005) . Higher force levels were not chosen because a previous study (Voelcker-Rehage & Alberts, 2005) indicated that maintaining force at these levels for 30 s would be confounded by fatigue. The target force level and actual grip force produced was displayed on a 17" monitor with a distance of approximately 45 cm in front of the participants providing them with real time feedback. Participants were instructed to track, as accurately as possible, the sine wave that was displayed on the monitor for 30 s. An auditory stimulus "ready, go" signaled the participants to start matching their force to the target force. Participants performed 5 sets of 10 trials each: 10 acquisition trials, 20 pretest trials, and 20 posttest trials. Each trial run for 30 s with 10-30 s of rest between the trials (thus, pre and posttesting of the force modulation task took approximately 16 min).
Intervention
Tactile high-frequency stimulation (tHFS) was applied with the same piezo elements as used for the frequency discrimination task. The intervention protocol consisted of 30 min of high-frequency (18-24 Hz, 1 s pulse duration, 3-10 s interpulse interval to avoid habituation) synchronous tactile stimulation of the thumb and index finger of the left hand. This type of intervention has been shown to be very effective in inducing LTP-like tactile improvement and related cortical reorganization (Ragert et al., 2008) . tHFS comprises passive, unattended synchronous stimulation of the tip of the thumb and index finger and is assumed to produce focal activation of the corresponding neural representation (Dinse et al., 2005) . We were interested in the effects of purely passive stimulation and particularly aimed not to have influences of attention on stimulation effects. Thus, the attention of the participants was focused on secondary tasks and not on the stimulation itself (cf. Procedure). This strategy has already been applied successfully in previous studies (Godde et al., 2003; Godde et al., 2000; Hodzic et al., 2004; Pilz et al., 2004 ).
Procedures
Participants were tested in individual sessions with a duration of approximately 2 and a half hours. After completing the informed consent process, patients were evaluated using a demographics and health questionnaire. The order of the tactile and motor tests was the same for all participants. First, participants performed the Purdue pegboard and the spatial discrimination test followed by the maximum precision grip and force tracking task. The frequency discrimination task was provided at the end of pretesting to assure no effect of tactile frequency stimulation on the performance in the other tests. Second, the experimental group received 30 min of tHFS, whereas the control group received a dummy stimulation, i.e., their hand was affixed to the experimental device, but no stimulation was applied to their fingers. During tHFS and dummy tHFS, participants' attention was allocated to assure purely passive stimulation (Godde et al., 2003; Godde et al., 2000; Hodzic et al., 2004; Pilz et al., 2004) . Participants had been instructed that in the following they would get a tactile stimulation on the tips of their thumb and index finger, but not to attend to the stimulation. Both groups, the experimental and control group were involved in a conversation, read a book or watched a video to assure they did not concentrate on the stimulation itself. The order of posttesting was according to pretesting, however, the maximum precision grip test was not performed again.
Data Analysis
For the FDT we interpolated from the observed data the frequency differences that would have given a 75% correct response level in the FDT task (for exact calculation, cf. formula 1, Appendix). For the SDT task the 75% correct response level was calculated accordingly (cf. formula 2, Appendix).
For the Purdue pegboard test the total number of pins placed within the best trial with the left hand was taken for analysis. Force data were analyzed from the moment the participant reached a 5% target force range (5% above and below the target force) until the end of the trial. Data were measured with a sampling rate of 100 Hz. The primary motor outcome variable for the force-tracking task was the root mean square error (RMSE). The RMSE is the square root of the mean of squares of the difference between the target force provided to the participant and the force produced by the participant (cf. Appendix, formula 3). This is a method of normalizing performance relative to force amplitude that accounts for differences in the amplitude and dispersion of the produced force. The measure was normalized (division by the maximal target force and then multiplication with 100), such that it is comparable between participants with different MVC.
Relative Pre-to-Posttest Changes. Baseline performance revealed a considerable variability between individuals. Moreover, this interindividual variability was different for the different tasks and thus was very prominent even after matching the subjects for performance in the frequency task. To control for different baseline levels we therefore also examined the participants' performance changes from pre-to posttest. For this purpose, the effects of tHFS on performance in FDT, SDT, PBT, and FTT were estimated using a standard differences score measure. The performance change was computed as the percentage of change in posttest performance relative to performance in pretest in the following manner:
Performance change = [posttest -pretest / pretest] x 100.
Statistical Analysis
Data were analyzed using non parametric statistics. Due to our sample size the requirements for parametric statistics such as a normal distribution and equal variances were not achieved. Thus, we calculated Mann-Whitney U tests to analyze differences between experimental and control group at pre-and posttest. Furthermore, we calculated Wilcoxon Signed Rank test to determine pre-to-posttest differences within the experimental and control group. Analyses were conducted separately for the outcome variables FDT, SDT, PBT, and FTT and for the experimental and control group. One sample Wilcoxon Signed Rank tests were used to test for significant relative performance changes within the experimental and control group. For all analyses, the significance level was α = .05. Multiple testing increases the risk for chance findings due to potential alpha error accumulation. Thus, the nominal alpha level was adjusted following Bonferroni-Holm procedure (Holm, 1979) . Due to the explorative character of the study Bonferroni-Holm adjusted as well as unadjusted results are reported.
Results
We did not find significant between-group differences at pre-and posttest. This might be due to the high variability within the groups (cf. Table 1 ) and lower power of non parametric tests. Therefore and by reason that we were mainly interested in the within-groups effects, in the following, we will report the results of the pre-posttest differences within the experimental and control group and group differences will not be reported.
Pre-to-Posttest Changes
The Effect of tHFS on Frequency Discrimination. While frequency discrimination performance of the control group stayed nearly constant from pre-to posttest (7.3% change), the frequency discrimination performance of the experimental group increased by 54.6% (cf. Figure 2a) . The Wilcoxon test showed a significant pre-to-posttest performance change for the experimental group (Z(8) = 2.197, p = .028), but not for the control group (Z(9) = 0.535, p = .592) (cf. Table 1 and Figure 2a ). After adjustment of the nominal α-level results for the experimental group remained marginally significant (p = .084).
The Effect of High tHFS on Spatial Discrimination. For the spatial discrimination task, again a significant performance improvement was found for the experimental (Z(8) = 2.366, p = .018) but not for the control group (Z(9) = 1.352, p = .176) (cf. Table 1 and Figure 2b ). The improvement of the experimental group was still marginally significant (p = .072) after correction for multiple comparisons.
The Effect of tHFS on Manual Dexterity (PBT).
Neither the experimental (Z(8) = 0.541, p = .589) nor the control group (Z(9) = 0.921, p = .357) showed significant performance changes in manual dexterity as measured with the pegboard test from pre-to posttest (cf. Table 1 and Figure 2c ).
The Effect of tHFS on Force Modulation. For the FTT, the Wilcoxon test showed a significant performance improvement for the control group (Z(8) = 2.100, p = .036) and no performance change for the experimental group (Z(8) = 1.820, p = .069) (cf. Table 1 and Figure 2d ). However, after adjustment of the nominal α-level results did not reveal a significant performance change, neither for the control, nor the experimental group.
Relative Performance Changes Different From Zero
Relative performance changes for the FDT, SDT, PBT, and FTT are reported in Figure 3 . The one sample Wilcoxon Signed Rank tests indicated that the experimental group showed significant performance improvements for FDT (Z(8) = -2.03, p = .043) and SDT (Z(8) = -2.37, p = .018), while the control group, only, experienced a significant performance improvement in FTT (Z(8) = -1.96, p = .050). After adjustment of the nominal α-level, only improvement of the experimental group for SDT remained significant. 
Discussion
The aim of this study was to determine the effects of passive tactile stimulation (high frequency tactile stimulation, tHFS) on tactile and upper extremity motor performance in older adults and to examine the link between sensory and motor abilities. Sufficient sensorimotor functioning, particularly manual dexterity, is of major importance for independent living in old age. However, most older people suffer from a decline in their tactile and motor abilities. Using a protocol of high frequency tactile stimulation (tHFS), which has been shown to be very effective in inducing somatosensory cortical plasticity, we aimed to interfere with these aging processes as well as to examine the interaction between tactile and motor performance. Whereas tHFS improved tactile performance in the frequency and spatial discrimination task, in the motor domain it revealed no positive effect in the manual dexterity task. On the contrary, tHFS seems to not influence or even negatively interfere with force tracking performance indicated by a significant preto-posttest performance improvement for the control but not for the experimental group. Overall, these data suggest that also in older adults tHFS is effective in the attenuation of age-related decline in somatosensory processing. However, possible short-or long-term counter effects within the motor domain have to be taken into account. 
The Effect of Stimulation on Tactile Spatial and Frequency Discrimination
Thirty minutes of high frequency tactile stimulation led to a noticeable improvement of frequency and spatial discrimination performance by 55% and 28% on average (for temporal and spatial discrimination, respectively) in the experimental group but not in the control group. For the spatial task this improvement is in a similar range as reported by Dinse and colleagues for two-point discrimination after coactivation (Dinse et al., 2006) . In extension to previous studies indicating positive effects of tactile coactivation on spatial two-point discrimination performance in younger (Godde et al., 2003; Godde et al., 2000) and older adults (Dinse et al., 2006; Dinse et al., 2005) our results reveal that this beneficial effect generalizes to other types of tactile performance. We proved that tactile coactivation not only had positive effects on spatial but also on frequency discrimination performance in older adults. Few data are yet available in which the effect of tactile coactivation on tactile frequency discrimination has been investigated. Hodzic and colleagues (2004) found that after passive tactile coactivation (3 hr, 1.7 Hz mean stimulation frequency) gratings orientation discrimination with the stimulated finger was improved, while the frequency discrimination performance declined in a sample of younger adults. The current data are inconsistent with these findings as after tHFS performance improved for both tasks in older adults. This suggests that either the stimulation protocol (low-frequency versus high-frequency coactivation) or the sample (younger versus older adults) might be responsible for this contradiction. Nevertheless, even measurements of spatial localization revealed that cortical changes induced by coactivation not necessarily lead to performance improvements but that there might be a trade off between improvement in some and decrease in other tasks (Pilz et al., 2004; Kalisch et al., 2007) . Competition between representations is one of the fundamental principles of cortical plasticity. Assuming a dynamic steady state of the neural system in which (based on competition) the processing of many different tasks is optimized for overall performance of the whole system but not for optimal processing of a specific task, unbalancing the system by extensive learning of one task might result in the decline of another one. Further detailed examinations even of possible mechanisms on the neuronal level are necessary to solve this question. Admittedly, as shown in earlier studies (e.g., Godde et al., 2000; Ragert et al., 2008) , performance changes induced by tactile stimulation are selective in the sense that tactile performance increases only on the stimulated fingers and not on nonstimulated fingers on the same or contralateral hand. However, as reported by Dinse and coworkers (2005) , discrimination gain is almost identical for long-term training and short-term coactivation.
The stimulation protocol used in the current study has been derived from other types of tactile coactivation which have been shown to be very effective in inducing Hebbian-like cortical reorganization and related tactile improvement (Dinse et al., 2006; Godde et al., 2000; Ragert et al., 2008) . One advantage of this modified stimulation protocol (stimulation frequency of 18-24 Hz) as compared with the original coactivation paradigm (stimulation frequency of 1 Hz or 1.7 Hz) introduced by Godde and colleagues (2000) , is that the minimum stimulation time for the induction of performance changes could be reduced from more than 2 hr to 30 min or even less. Due to the higher frequency, the amount of impulses used in the tHFS protocol might be comparable to a low-frequency coactivation protocol of several hours. As shown by Ragert et al. (2008) in a group of younger adults the frequency and the temporal structure, but not the duration of stimulation, seem to influence the tactile changes. Using a similar protocol, we now were able to show that tHFS evoke tactile performance changes also in older adults. Herewith we provide further support for the notions of persisting plasticity of the aging brain enabling performance changes on the behavioral level based on sensory cortical reorganization. Most interestingly, these effects can be induced by purely passive and short-lasting stimulation protocols without the need for effortful attentional training. This makes this type of intervention attractive for older people or patients with sensorimotor impairments. Sensitivity to frequencies used in the stimulation protocol has been shown not to be impaired in older adults (Verrillo, 1980) . Thus, interactions of age-related peripheral changes with our tactile stimulation protocol are unlikely.
One limitation of the current study and the study by Ragert et al. (2008) is that both studies provide no direct evidence of cortical reorganization. Previous fMRI, MEG, and EEG studies by Dinse and coworkers Pleger et al., 2001 ) and Godde and coworkers (Godde et al., 2003; Pilz et al., 2004 ) using tactile coactivation with slightly lower frequencies (mean frequencies 1.7-5 Hz), however, revealed cortical reorganization in the somatosensory cortex which was correlated to behavioral changes. Nevertheless, additional changes at other cortical or subcortical processing levels cannot be excluded in the current study.
The Effect of Stimulation on Manual Dexterity
tHFS resulted in no significant change in manual dexterity in older adults as measured by the Purdue pegboard test. Both groups, experimental and control group, slightly (but not significantly) improved performance from pre-to posttest. The slight improvement of both groups might indicate a test repetition effect rather than a stimulation effect. There are no earlier findings available to confirm this result. The lack of an effect of tHFS on manual dexterity suggests that sensory stimulation has no cross-modal impact on this type of motor cortical performance. Thus, our data are in contradiction to Tremblay et al. (2003) who showed that grating resolution thresholds at the index finger were strongly correlated with dexterity scores derived from the Grooved Pegboard Test (GPT). Probably, the complexity of the GPT is higher than the complexity level of the Purdue pegboard test that was used in our study and thus might be more affected by changes in tactile sensitivity. It might also be the case that the Purdue pegboard test is not sensitive enough to reveal these effects.
The Effect of Stimulation on Force Modulation
Force modulation performance remained rather stable in the experimental group and improved (cf. also performance changes different from zero, Figure 3 ) in the control group after tHFS. After correction for multiple comparisons, however, changes in control group were no longer significant. Thus, the results have to be interpreted with adequate caution. This result was not expected as we assumed not only positive influences of tHFS on sensory but, based on improved tactile feedback, also on motor performance. Indeed, our results imply that tHFS abolishes possible training effects by task repetition in older adults. One could assume that the lack of training effect in the experimental group is caused by the high baseline performance difference between the two groups and reflects a ceiling effect. Jones and Piateski (2006) revealed in a force generation task that the perception of force is influenced by tactile cues that convey information about the contact surface and that distributed spatial force cues are normally used in the perception of forces generated by the hand. When spatial tactile information from the fingertips was attenuated, forces were underestimated in perceived magnitude. Contradictory evidence came from findings by Nowak and colleagues (2003) who denied a strong relationship between tactile acuity and precision grip. They compared tactile impaired and healthy participants in a grip task. Both groups generated similar static grip forces during stationary holding of the object and similar force ratios between maximum grip and load force. They concluded that the grip and load forces required in the task were centrally mediated and less under sensory feedback control. Other studies revealed that cutaneous encoding seems to be important when lifting objects, but reduced tactile function appears to be functionally unimportant for a pure grip task (Cole et al., 1998; Cole, Rotella, & Harper, 1999) . While lifting objects requires the system to adjust the load force to the object characteristics, e.g., object slipperiness, and therefore tactile sensitivity might be highly important, the pure gripping of an object might not rely on tactile control. Instead, muscular constraints to adjust and modulate grip force performance might be more important. Even Katz (1989) suggested that tactile temporal sensitivity might be important mainly in the moved sense of touch rather than in handling unmoved objects. Since in the current study participants were asked to modulate their grip force, but not to lift the object, this might explain, why we did not find a positive effect of tHFS on force modulation performance.
Even though we were not able to demonstrate beneficial effects of tHFS on grip force behavior, our results give further evidence to the notion of an interrelation between sensory and motor performance. It might be assumed that cortical reorganization induced by tHFS changes sensory feedback in a way that behavioral motor components first have to adapt to these new activity patterns resulting in a disturbance of motor performance. In contrast to other studies, revealing impaired force modulation and grasping due to the attenuation of well established sensory feedback loops Jones & Piateski, 2006) , such adaptation to changed feedback probably would allow improved motor performance in the long run. It remains open if further motor training after tHFS or multiple days of tHFS are more effective than no tHFS and changes on the neurophysiological level probably not visible on the behavioral level have to be analyzed.
Nevertheless, this study gives a first hint that a pure passive tactile stimulation intervention such as tHFS might influence precision grip performance. Unbalancing of the sensory system by tHFS seems to result in impaired precision grip performance. However, one might speculate (and it has to be tested), whether, in the long run, based on improved tactile performance and rebalancing of the sensorimotor system also motor performance could be improved. EEG experiments are under way to investigate in detail the cortical consequences of tHFS in the sensory and motor domain.
The preservation of sufficient manual dexterity and tactile acuity into old age is one important prerequisite for the maintenance of an independent and autonomous life. The application of fast and passive stimulation protocols to improve upper extremity sensory performance might enable new possibilities for intervention programs for older adults. Formula 1. Calculation of thresholds for the frequency discrimination task. 75% correct threshold (T F75 ) was interpolated between the lowest frequency on which the subject responded correctly less than 75% of the time (F below ) and the highest frequency on which the subject responded correctly more than 75% of the time (F above ). In addition, the probabilities of correct responses for these two frequencies (P below and P above ) as the number of correct responses divided by the number of total trials for the respective frequency was taken into account as described by the following formula: where T F75 = estimated threshold for the test frequency on which the subject would have scored 75% had it been present. F = test frequency P = trials correct / N N = number of trials below = test frequency or the probability of a correct response on the lowest test frequency on which the subject responded correctly less than 75% of the time. above = test frequency or the probability of a correct response on the highest test frequency on which the subject responded correctly more than 75% of the time. Formula 2. Calculation of thresholds for the spatial discrimination task: where T G75 = estimated threshold for the grating spacing on which the subject would have scored 75% had it been present. G = grating spacing P = trials correct / N N = number of trials below = grating spacing or the probability of a correct response on the highest grating spacing on which the subject responded correctly less than 75% of the time. above = grating spacing or the probability of a correct response on the lowest grating spacing on which the subject responded correctly more than 75% of the time. Formula 3. Calculation of the RMSE:
where force (i) is the force produced by the patient and target (i) is the target force.
